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Abstract 
Bone tissue health depends largely on efficient fluid and solute transport between the 
blood supply and cells that are the living component of the tissue. We hypothesize that 
the lacunocanalicular hydraulic network defined by the pericellular fluid space common 
to all bone tissue is optimized to transport fluid and solutes between the blood supply and 
bone cells. An analytical study was carried out to evaluate the effect of osteonal 
architecture, including osteon diameter, number of annular lamellar regions, as well as 
number and length of canalicular channels, on fluid transport between the blood supply 
and bone cells. Based on this analysis, osteon size is limited to the distance over which 
fluid and solutes can be transported efficiently between the blood supply and cells. This 
analytic model suggests that hydraulic conductivity is highest in lamellar regions closest 
to the Haversian canal and decreases with increasing distance from the blood supply, 
reaching a plateau after the fifth lamella (169 μm radius). Furthermore, an increase in 
diameter of the Haversian canal or a decrease in length of canaliculi reduces the hydraulic 
conductivity within the lacunocanalicular network. Applying the principle of minimal 
expenditure of energy to this analysis, the path distance comprising five or six lamellar 
regions represents an effective limit for fluid and solute transport between the blood 
supply and cells; beyond this threshold, hydraulic resistance in the network increases and 
additional energy expenditure is necessary for further transportation. This suggests an 
optimization of transport to meet metabolic demand concomitant to minimal expenditure 
of energy. This fundamental new insight into bone structure and physiology may provide 
a new basis of understanding for tissue engineering, bone physiology in health and 
disease, and evolutionary biology.   
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Introduction 
A major stumbling block in engineering of bone tissue substitutes and in clinical 
restoration of function after trauma, disease and/or aging is a lack of understanding of 
biotransport mechanisms to the cells that constitute the living component of bone tissue. 
From a teleological perspective, tissue engineers apply biomimetic principles proven to 
be effective in situ to build adequate bone substitutes in vitro. One such principle, the 
interrelationship between bone tissue health and maintenance of blood supply, is based 
on optimization of transport for cell survival (Knothe Tate and Niederer, 1998) and has 
become a basic tenet of orthopaedic surgery (Jacobs et al., 1981: Klaue et al., 2000). 
Recently, the importance of fluid flow for augmentation of transport and promotion of 
cell viability and tissue health has been described  (Knothe Tate, 2003). Hydraulic 
conductance is an inherent property of bone tissue, referring to the natural imbibing or 
wicking properties of the tissue. It is a function of tissue architecture and porosity, matrix 
biochemistry, and pericellular fluid properties. Hydraulic conductance is expected to play 
a critical role in establishing a baseline for endogenous fluid and solute transport in bone, 
which is augmented by fluid flow induced through mechanical, chemical and/or electrical 
effects (Knothe Tate, 2003). Interestingly, this aspect of biotransport in bone tissue has 
been relatively ignored in the literature.  
 
Bone contains approximately 25% fluid and 75% organic and inorganic “solids” (Guo, 
2001). The fluid space of bone includes large vascular spaces (on the order of 50 to 120 
microns in diameter), the so-called lacunocanalicular network comprising the pericellular 
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space (dimensions: 100 nm, canaliculus wall to process; outer diameter: 500 nm) and the 
matrix microporosity (dimensions: 5-12 nm) (Knothe Tate et al., 1998; Knapp et al. 
2001, Knothe Tate, 2003). Of these spaces, the lacunocanalicular network represents the 
greatest interconnected volume of fluid within bone and this pericellular fluid “medium” 
constitutes the local environment of bone cells that are the living component of the tissue. 
 
Osteocytes are the most prevalent cells found in bone tissue.  In mature bone, the 
osteocyte bodies and their processes are contained within spaces called lacunae and 
channels called canaliculi, respectively. The lacunocanalicular system (LCS) is derived 
from the stellate shape of the osteocytes (Aarden, 1994) and their interconnectivity; it is a 
conduit for metabolic traffic and exchange (Cooper et al., 1966; Copenhaver, 1964). The 
extended osteocytic network, comprising cells interconnected by multiple cell processes 
that are joined at gap junctions (Doty, 1981), forms a “functional syncytium” (Knapp, 
2001; Tami et al., 2002). Thus, in addition to intercellular communication via gap 
junctions (Donahue, 2000; Doty, 1981), the cells making up the syncytial network remain 
in contact via their common environment that is defined by a contiguous bone fluid 
space. What remains is a network of cells, most of which are isolated physically from one 
another while remaining connected to syncytial and lacunocanalicular networks via cell 
processes and a common fluid medium.  
 
Across species and within organisms, different bone architectures share this common 
microarchitecture comprising osteocytes within lacunae that are interconnected by 
canaliculi  (Remaggi et al., 1998; Cooper et al., 1966; Rensberger and Watabe, 2000). 
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Although dinosaurs and humans share this common hydraulic architecture, human bone 
architecture provides a more sophisticated hydraulic network than that of dinosaurs 
[Rensberger and Watabe, 2000]. This is due to the fact that in humans and some large 
vertebrates such as dogs and sheep, cortical bone is comprised of basic units called 
osteons (Polig, 1990) arranged to form a composite structure; similarly cancellous bone 
consists of trabeculae that augment mechanical stability along lines of principal stress. 
An osteon consists of several concentric layers of bone, called lamellae, surrounding a 
central Haversian canal which houses one or more capillaries.  In contrast, trabecular 
lamellae are surrounded by the vascularized marrow bed. Given the striking uniformity of 
osteon diameter and trabecular thickness across species (Kanis, 1996), it appears that 
osteonal and trabecular structure are optimized for survival of the tissue.  
 
The size and shape of an osteon may be influenced by the size and shape of resorbed 
cavity provided by osteoclasts and the amount of subsequent bone infilling (Landeros and 
Frost, 1964; Broulik et al., 1982). However, resorption spaces observed in histological 
sections of osteopenic bones show varying diameters and do not reveal an effective size 
limit (Knothe Tate and Schaffler, 2002). On the one hand, infilling of resorption spaces 
may progress over time, resulting in a net decrease in Haversian canal diameter with time 
(Ham, 1952; Martin et al., 1998). On the other hand the Haversian canal diameter tends 
to increase with age (Black, 1974; Broulik, 1982). Hence, effects of remodeling and 
aging may have contrary effects on Haversian canal size. Another possibility is that the 
size and shape of osteons and trabecular lamellae may be dominated by the effective limit 
for transport between cells and the blood supply, as first suggested by Ham in 1952. Ham 
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observed that this effective limit comprises approximately six concentric lamellar annular 
regions (200-250 μm diameter). However, the influence of variation of the size of 
Haversian canal on the efficiency of fluid and solute transport has not been investigated 
previously. Furthermore, although the effect of remodeling and aging on osteonal 
architecture has been studied previously (Ham, 1952; Currey, 1964; Jowsey, 1966; 
Broulik et al., 1982; Martin et al., 1998; Black et al., 1974) the effect of these progressive 
microstructural changes on efficiency of transport between bone cells and the blood 
supply have not been reported in the literature. 
 
We hypothesize that the lacunocanalicular hydraulic network defined by the pericellular 
fluid space common to all bone tissue is optimized to transport fluid and solutes between 
the blood supply and bone cells. Furthermore, this network is limited to a critical radial 
distance beyond which an increase in pressure head losses within the hydraulic network 
renders further transport of fluid and solutes unviable. In the present study we tested this 
hypothesis in a hydraulic model of a single osteon. By varying the size of the Haversian 
canal, osteonal diameter, and canalicular length, respectively, we investigated the 
influence of the transport path distance on the efficiency of fluid and solute transport 
between the blood supply and osteocytes within the hydraulic network. Furthermore, we 
compared two alternative types of transportation networks to elucidate safety factors 
inherent to the architecture of the lacunocanalicular network. Finally, the development of 
hydraulic networks was approached from an evolutionary perspective to understand the 
role of hydraulic architecture in maintaining transport to cells within increasingly 
complex organisms.  
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Analysis and Results 
Initial Idealized Osteon Model  
An idealized model of an osteon was developed with dimensions approximated based on 
published data (Figure 1, Table 1). The initial osteon configuration comprised five 
concentric annular regions, i.e. lamellae, housing radially extending canaliculi.  In the 
course of analysis, the size of the Haversian canal, osteonal diameter, and canalicular 
length, respectively, were varied to study the influence of the transport path distance on 
the efficiency of solute transport between the blood supply and osteocytes within the 
hydraulic network. Calculations were carried out on an idealized osteon approximated in 
two dimensions, but could be applied to a volume of bone comprising the same geometry 
at an unspecified unit depth. 
 
Within the cylindrical geometry of a given osteon, the cross sectional area of each 
concentric annular region, i.e. lamella, increases with increasing distance from the blood 
supply of the Haversian canal (Fig. 1b,c) and is proportional to the radius. First, the 
annular area within each lamella was calculated (Table 1). Then, the number of canaliculi 
the inner and outer edge of each lamella was calculated, assuming a uniform canalicular 
density of 0.05/μm2   (Marotti et al., 1995). Finally, a nondimensional ratio was calculated 
for the total number of canaliculi on the inner edge (or inner surface, in three dimensions) 
of a given lamella to that on its outer edge (Ci/Co), for each lamella, extending from the 
lamella adjacent to the blood supply of the Haversian canal, radially outwards toward the 
cement line (Table 1). 
   
 8
For each consecutive lamella of the initial model, the ratio of canaliculi on the inner to 
the outer surface (Ci/Co, referred to as the nondimensional canalicular ratio) increased 
with increasing distance from the Haversian canal (Fig. 2), approaching a threshold value 
of 0.9 at a radius of 169 μm. The rate of increase was highest (2.3×) in the lamella closest 
to the Haversian canal (Fig. 2), reducing to half that level (1.2×) at the fifth lamella, and 
continuing to decrease with increasing distance from the Haversian canal and increasing 
proximity the cement line. For lamellae 6-8, the rate of increase is less than 5% and Ci/Co 
approaches 0.9 (Fig. 2). 
 
Nondimensional Canalicular Ratio as a Function of Haversian Canal Radius and 
Canalicular Length 
In a first parametric study, the nondimensional canalicular ratio (Ci/Co) was calculated for 
each concentric lamella as a function of Haversian canal radius, which was increased at 
specific increments between 10 and 150 μm, for a fixed canalicular length of 30 μm (Fig. 
3).  Between the first and fifth lamellae, increasing the Haversian canal radius from 10 to 
100 μm resulted in an increase in the nondimensional canalicular ratio (Ci/Co); beyond 
the fifth lamella, increases in Ci/Co comprised less than 5%. Furthermore, in osteons with 
Haversian canals of greater than 100 μm diameter (50 μm radius), the increase in Ci/Co 
was less than 5% per step for all lamellae, regardless of proximity to the Haversian canal.  
The curve tended to flatten out with increasing Haversian canal diameter, approaching 
the approximate 0.9 threshold value for Ci/Co.  
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In a second parametric study the influence of canalicular length on Ci/Co was studied for 
fixed Haversian canal radius of 15 μm. Canalicular length was varied at 5 μm intervals, 
from 5 μm to 50 μm (Fig. 4). An increase in canalicular length from 5 μm to 25 μm 
resulted in a decrease on the order of 5-10% per increment in the nondimensional 
canalicular ratio Ci/Co. Above 25 μm, further increases in canalicular length had 
negligible effects. 
 
Role of Canalicular Configuration on Hydraulic Conductivity 
The role of the lacunocanalicular network configuration on hydraulic conductivity was 
studied using principles of electrical networks. These principles have been shown 
previously to be analogous to hydraulic networks (Zimmermann, 1983; Fox and 
McDonald, 1985). Canaliculi traverse the osteon predominantly in the radial direction 
(Marotti, 1995; Knothe Tate, 2003). However, given this general motif, the canaliculi 
could theoretically be arranged in parallel or series, with or without subsequent 
branching. A theoretical analysis of these configurations was carried out to determine the 
effect of canalicular organization on hydraulic conductivity through the lacunocanalicular 
network.  
 
Parallel network of canaliculi 
The equivalent resistance R of several resistances R1, R2, R3 joined in parallel is always 
less than each individual resistance 
 (1/R) =  (1/ R1)+(1/ R2)+ (1/ R3)  …        (1) 
Therefore adding a resistance pathway in a parallel network further reduces its total 
resistance and increases its conductance C, where conductance is defined as 
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C = (1/R),          (2) 
and the sum of individual conductance for a parallel network is 
C = C1 + C2 + C3 …         (3)  
 
Thus, the hydraulic conductance of a network can be increased by i) adding another 
vessel in parallel or ii) decreasing the resistance of any vessel in a given network. From 
this analogy, it is clear that a parallel organization of the canalicular network provides a 
transportation pathway of low resistance and high conductance. Hence, increasing the 
number of canaliculi arranged in parallel decreases the total resistance of the network for 
fluid and solute transportation. Additionally, such a parallel network increases the factor 
of safety for fluid transport (Fig. 5 and 6) in case of canalicular blockage, breakage or 
infarction. If some of the channels are blocked, due to e.g. deposition of solutes or 
necrosis, the hydraulic resistance of some of the canaliculi in the network increases, 
further reducing the total equivalent conductance of the network and nonetheless 
maintaining the nutrient supply to osteocytes even if few canalicular channels are blocked 
or ruptured. 
 
Branching of the canalicular network 
In the initial study of the idealized osteon, number of canaliculi in a given annular regions 
of an osteon increases with increasing distance from the blood supply (Fig. 5, 6). This 
increase can be achieved through branching at subsequent lamellae, as has been observed 
in Atomic Force Microscope (AFM) (Knapp et al., 2002) and Scanning Electron 
Microscopy (SEM) images (Knothe Tate, 2003). An idealized model of a branched 
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canalicular network, including only a small number of canaliculi in a given section, was 
developed to study the effect of this strategy on fluid and solute transport. The influence 
of branching on pressure head loss within the hydraulic network was studied for an 
idealized osteon in which parallel canaliculi join lacunae to the Haversian canal and each 
other (Fig. 6a) and for a case in which these parallel transportation lines are replaced by 
an equivalent single conduit (Fig. 6b). 
 
Assuming that canaliculus acts as a hollow pipe carrying fluid with pressure P, velocity v 
and specific gravity ρ, hydraulic loss through the pipe (also referred to as “pipe losses” in 
civil engineering) is denoted by HL and is calculated by applying Bernoulli’s equation 
(Fox and McDonald, 1985) as follows, whereby g refers to gravitational force and z is the 
height of the pipe: 
  
HL = (P1/ρ) + (v1)2 / 2 + gz1  -   (P2/ρ) + (v2)2 / 2 + gz2    (4) 
 
For fully developed flow through constant area pipe, and assuming v1 =v2, pipe losses 
amount to 
 
HL = (P1/ρ)  + gz1  -   [(P2/ρ)  + gz2]          (5) 
 
Accounting for the flow in a horizontal pipe, z1 = z2, and 
 
HL = (P1/ρ) - (P2/ρ) => HL = (P1 - P2) /ρ      (6) 
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For laminar flow in pipes, the Darcy-Weisbach formula describes hydraulic losses as 
 
HL = f⋅ (L/D) (V2/2),           (7) 
 
Where f is called “friction factor” of the pipe, given by 
 
f = 64/ Re   for laminar flow       (8) 
 
Where Re is Reynolds number of the flow. 
  
Furthermore, based on the continuity equation, the flow rate Q can be defined as 
 
Q = A1v1 = A2v2,            (9) 
 
and the previously described set of equations, the numerical values on the right hand side 
of (7) can be substituted to calculate “pipe losses” in each individual canaliculus. Then, 
considering whether the canaliculi are arranged in series and/or parallel, the total losses in 
a group of canaliculi can be calculated. In this way it is possible to calculate the net losses 
within each lamellar area containing osteocytes. However, calculating the magnitude of  
“head loss” requires numerical values for canalicular length and diameter as well as 
Reynolds number and velocity of fluid flow, the latter of which are unknown. Thus, the 
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current study deduces the losses in canaliculi qualitatively by assuming ‘f’, (L/D) and 
area (A) of the canaliculus to be constant. Hence, from (7), (8) and (9) 
 
HL ∝ (Q)2           (10) 
 
Therefore, under the idealized conditions mentioned above, a qualitative pattern of 
pressure loss can be evaluated based on projected changes in volume flow rate (Q) in the 
network. Further, if the flow rate (Q) in an “upstream” canaliculus is assumed to be 
equally divided into two branches with (Q/2) in each branch (Fig. 6), then head loss (HL) 
in each canaliculus branch reduces to 1/2 the branch immediately upstream. Similarly, if 
there are three branches then the pressure head loss, or hydraulic loss, is reduced to 1/9 of 
the feeding branch furthest upstream. In an ideal branching network where each 
canaliculus branches into two downstream, and keeping all other parameters constant, 
after six successive branchings the canaliculi furthest downstream will have 1/64 the head 
losses of the original canaliculus furthest upstream. Hence, in an ideal case, the 
canaliculus situated in the outermost lamellae will have 1/64 the losses of those in the 
lamellae adjacent to the Haversian canal. However, in actual osteonal networks canaliculi 
do not always branch into two and the degree of branching decreases with increasing 
distance from the Haversian canal (Fig. 5). Therefore the actual reduction in head loss 
will be less than that calculated for the ideal condition. Nonetheless, it is clear from this 
analysis that branching per se helps in reducing the head losses in the canalicular 
network, because the same amount of fluid is transported through a larger cross-sectional 
area of piping (more conduits of equal cross sectional area), reducing the velocity of flow 
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and thereby reducing the hydraulic losses. This may provide insight into the 
microarchitecture of the lacunocanalicular system in mammalian cortical bone. In 
mammals, cortical thickness can be up to several centimeters, necessitating a long-
distance fluid transport network that is achieved through two hierarchical levels of 
branching for global and local distribution of fluid and solutes respectively. First, the 
nutrient vessels branch into Haversian (longitudinally running) and Volkmann’s (radially 
running) channels in order to traverse large areas of tissue. Secondly, Haversian and 
Volkmann’s canals branch out to the lacunocanalicular system for local distribution to the 
cells. In comparison, the cortex of frog bone is less than 200 μm thick and local 
distribution to the cells is achieved directly from the vascular bed of the endosteum and 
periosteum through the simple lacunocanalicular system to the cells requiring no 
hierarchically branching transport system. 
  
Other hypothetical configurations for transportation networks 
Theoretically, canalicular architecture could be organized such that each cell within a 
lacuna has its own conduit originating from Haversian canal or that a single channel 
transports the nutrients to a number of osteocytes within lacunae in radial direction (Fig. 
7). Such a hydraulic architecture would be expected to have grave implications for cell 
viability.  If each lacuna had its own canaliculus  (or several parallel canaliculi as in Fig. 
6) joining to the Haversian canal (Fig. 7A), nutrient transport would be limited to this 
route and the inherent factor of safety would be extremely low, resulting in catastrophic 
consequences for osteocytes if the patency of this route were to be challenged. There are 
several other serious problems with such a network. First, there is compromise to inter-
   
 15
osteocytic communication; hence such a model would show little syncytial character and 
intracellular communication via gap junctions. Secondly, this strategy would require very 
long canaliculi (150 μm long conduit for an osteon diameter of about 300μm) for the 
lacunae situated farthest from Haversian canal. Such a conduit will have higher hydraulic 
losses because, as described by Poiseuille’s equation hydraulic losses are directly 
proportional to length. 
 
Another potential configuration would be for the hydraulic network to be arranged in 
series, joining the nearest cells to the Haversian canal and then joining cells to each other 
via serial canalicular connections (Fig. 7B). Not only would such a network be expected 
to share all the disadvantages of previously mentioned case (Fig. 7A), but transport to a 
whole series of osteocytes downstream from damage would decrease if one of the 
canalicular conduits were to become blocked or ruptured. Another disadvantage of such 
an arrangement is the non-uniform distribution of osteocytes in the osteon, i.e. outer 
annular regions with large cross sectional area would house the same number of lacunae 
and canaliculi as the inner regions with less cross sectional area (Fig 7B). Therefore, such 
an arrangement may compromise cell survival and bone tissue health. 
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Discussion 
Based on an idealized model of an osteon comprising a canal containing a central blood 
supply, concentric lamellae, and a lacunocanalicular network connecting the blood supply 
and osteocytes in the mineralized matrix, the inherent hydraulic conductance of this 
network is optimized for transport between the blood supply and cells up to a limiting 
distance of approximately five to six lamellae. Up to this critical distance, hydraulic 
conductivity of the network increases, and each successive annular region offers a path of 
reduced hydraulic losses. The inherent conductance of the lacunocanalicular network is 
augmented by the parallel arrangement of canaliculi, in which total resistance of the 
network is minimized, as well as branching of the canaliculi, which improves the factor 
of safety in case of blockage, breakage (e.g. due to fatigue damage [Tami et al., 2002], or 
microinfarction. Nonetheless, beyond this critical distance of five to six lamellae, 
hydraulic conductance reaches a threshold beyond which neither branching of the 
network nor redundancy in parallel networks can overcome. Hence, based on this 
analysis, for an average canalicular length of 30 μm, hydraulic conductivity through the 
lacunocanalicular network will increase for an osteonal radius up to 150 μm; this 
represents the optimal dimension to maximize transport between the blood supply and 
osteocytes ensconced within the mineralized matrix of bone. This provides a heretofore 
unexplored intrinsic strategy of bone tissue to promote transport of fluid and solutes to 
and from the blood supply to the cells.  
 
Minimal expenditure of energy provides a basis for optimization of most biological 
processes (Thompson, 1936; West et al., 1997). Applying this principle to the analysis 
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described in this paper, the fifth to sixth lamellae represent an effective limit for fluid and 
solute transport, beyond which hydraulic resistance in the network increases and, 
presumably, additional energy must be expended to achieve further transportation. 
Furthermore, the architecture of the hydraulic network is optimized to minimize 
hydraulic losses during transport. Through redundant branching and parallelism, a 
network comprising numerous high resistance canalicular vessels of small diameter (0.5 
to 0.6 μm [Knapp et al., 2002]) and high wall resistance (due to presence of collagen 
fibrils [Reilly et al., 2001]) provides a lower total resistance to flow than a single 
canaliculus of relatively large diameter.  
 
Metabolism is a prerequisite for osteocyte survival; hence, the hydraulic network for fluid 
and solute transport requires a high factor of safety. In engineering design it is common 
practice to increase the factor of safety for vital parts, e.g. the factor of safety for an 
airplane engine is on the order of 10 - 50 times that of other plane parts. The canalicular 
network incorporates series and parallel networks as well as branching, each of which is a 
strategy that effectively increases the factor of safety for the whole network. Furthermore, 
it improves the factor of safety for survival of individual osteocytes within the network 
by providing alternate transport routes in case of blockage or rupture; a single large 
conduit would provide neither this factor of safety nor this redundancy. Histological 
observation reveals implementation of this strategy in actual bone samples, whereby the 
number canaliculi, or alternate transport pathways, increases with increasing distance 
from the blood supply (Marotti et al., 1995). Interestingly, branching is also a means to 
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increase the number of canaliculi at successive annular regions of an osteon and increases 
the hydraulic conductivity of the network as well. 
 
The maximum size of the osteon derived in the present study agrees with experimentally 
observed values in the literature (Ham, 1952 and 1965; Guo 2001). Additionally, the 
maximum number of osteonal lamellae (5 to 6) predicted in our model is in close 
agreement to that reported by Ham (1952). Furthermore, our results agree well with the 
mathematical model reported by Kufahl and Saha (1990) where canaliculi of diameter 0.2 
μm were shown to nourish up to 4-5 concentric lamellar layers. Therefore it appears that 
efficient fluid and solute transport between the blood supply and the cells is vital for 
survival of the tissue and determines the size of the osteon. In addition, other factors 
including level of osteoclastic activity, genetics, availability of nutrients at the source, 
nutritional demand of cells and the throughput of the network may influence the size of 
the osteon.  
 
The results of the present study are also valid for fluid and solute transport in cancellous 
bones; thick trabeculae exhibit a lamellar structure similar to osteonal lamellae in cortical 
bone (Weiss, 1988), except that the lamellae are oriented parallel to the vascular bed of 
the marrow cavity rather than concentric to a central blood vessel contained in a 
Haversian canal. Moreover, the fact that osteonal width and trabecular width are 
relatively constant across species (Kanis, 1996) gives credence to our postulate that the 
underlying mechanism of fluid and solute transport in bone is universal for cortical and 
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cancellous bone and that transport path distances largely determine the dimensions of 
hydraulic pathways in cortical and cancellous bone. 
 
Furthermore, the hydraulic conductivity described in this work represents a baseline level 
of fluid imbibement into bone tissue inherent to the microarchitecture of the tissue per se. 
It must be noted that other exogenous effects such as load-induced fluid flow have been 
proved experimentally to occur in situ (Knothe Tate et al., 1998; Knothe Tate and 
Knothe, 2000) and that these mechanisms further enhance transport and mixing of solutes 
in bone (Knothe Tate et al., 1998; Knothe Tate, 2001). The present results support the 
concept that hydraulic conductivity in a canalicular network may be of a magnitude 
capable of transporting small molecular weight solutes, e.g. ions and metabolites, from 
the Haversian canal to osteocytes in an environment devoid of loading. Hence, the 
canalicular network may be acting as a ‘weak pump’ as well as a channel for transport. 
 
However, losses in pressure head during flow may not be fully compensated by an 
increase in conductance due to canalicular architecture. Moreover, annular regions closer 
to Haversian canal have more hydraulic conductance than regions away from it (Fig. 2). 
Therefore, in spite of having alternate transportation channels and higher factor of safety, 
regions situated far away from the Haversian canal tend to receive fewer solutes such as 
mineral ions. This may explain the decline of elastic moduli and hardness from center of 
osteon to outer regions as reported by Rho et al. (1999). Furthermore, the size of the 
Haversian canal tends to increase with age (Jowsey, 1966; Black et al., 1974). Our results 
indicate that increase in Haversian canal diameter will reduce the efficiency of 
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transportation architecture by decreasing the branching at successive canalicular stages  
(Fig. 3). This may be one of the factors influencing the decline in material properties of 
bone that occurs with age. 
 
Taken as a whole, the basic principle of minimal energy consumption in biological 
processes, coupled with factor-of-safety considerations, may provide the biophysical 
basis for the evolution of numerous parallel canalicular networks for transportation of 
fluid and solutes between the blood supply and cells in bone. From the cell’s perspective, 
the lacunocanalicular network constitutes the pericellular fluid environment for the 
syncytium, and represents the end result of a natural selection process in which 
hydraulics and solute transport are likely to have played a role. Interestingly, from the 
evolutionary point of view, primitive plants and animals had simple hydraulic 
architecture capable of transporting nutrients over only small distances (Fig. 8). Later on 
with the advent of large-sized plants and animals, the demand for large distance 
transportation has resulted in the evolution of various types of hydraulic architecture by 
permutation and combination. At this stage “factor of safety” may have played a vital 
role, as natural selection would have “favored” transportation networks with high safety 
factor and an associated increased probability of survival. This is in agreement to the 
evolutionary studies of hydraulic architecture in plants (Zimmermann 1983). Water 
supply to leaves for photosynthesis has been believed to be one of the prime 
considerations of evolution of hydraulic architecture in modern plants (Enns 1999). For 
example in the plant kingdom, a single cell water-transporting conduit called a “tracheid” 
found in primitive plants evolved into a multicellular “vessel” capable of transporting 
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water over several feet, this multicellular “vessel” provided a higher factor of safety 
necessary for transporting water over larger distances (Fig.8). Similarly, one finds 
amphibian bones to be devoid of vascular networks of Haversian and Volkmann’s canals 
as the canalicular network suffices to transport fluid and solutes directly from periosteal 
and endosteal vascular bed to osteocytes over transport path of less than 150 μm.  
 
Relatively simple hydraulic networks found in primitive animals were efficient only for 
small distance transportation.  Thereafter, branched, series and parallel transportation 
networks developed in higher plants and animals depending upon the type of 
evolutionary demand.  Our hypothesis regarding the evolution of transportation networks 
in biology (Fig. 8, 9) is supported by the comparative study of canalicular structure of 
dinosaurs, birds, and mammals by Rensberger and Watabe (2000) where it has been 
suggested that more irregular, random canaliculi organization found in a type of 
dinosaurs (coelurosaurs) and birds is a condition derived from the radially directed 
canaliculi network that was primitive condition for tetrapods. The evolutionary force 
behind the random canalicular network is believed to be the high rate of growth of bones 
of birds (Rensberger and Watabe, 2000). Surprisingly, woven bone in humans provide a 
similar strategy for rapid repair of bone that has been damaged by trauma; woven bone 
exhibits a random structure that provides rapid albeit short term structural support after 
fracture, until remodeling processes result in consolidation of the structure and 
reestablishment of efficient hydraulic networks and mechanical support structure  
(Kusuzaki et al., 2000; Tami et al., 2002).  
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There are several limitations in the present study. The actual three-dimensional geometry 
of the osteon is neither perfectly circular nor spherical.  Furthermore, canaliculi that were 
idealized as hollow cylinders actually contain osteocyte processes, which would be 
expected to increase the hydraulic resistance within. In addition, all the canaliculi were 
assumed to have identical dimensions (~30 μm) in the model although there is variation 
in dimensions of canaliculi in a real osteon. Finally, in our study all the canaliculi are 
assumed to be radial and branched in parallel, a general but not absolute trend in 
mammalian bone (Marotti et al., 1995; Rensberger and Watabe 2000). Nonetheless, these 
idealizations affect neither the order of magnitude of the results nor the final conclusions 
of this study.  
 
In summary, the lacunocanalicular architecture of bone tissue is optimized for transport 
of fluid and solutes between the blood supply and bone cells. This intrinsic means to 
increase hydraulic conductance has not been explored previously. The dimensions of the 
Haversian canal and canaliculi appear to be optimized for efficient utilization of this 
transport mechanism.  Furthermore, it appears that hydraulic architecture in bone has 
evolved not only for efficient biotransport between the blood supply and cells but also to 
provide redundant means for transport and communication between cells. Similar to the 
evolution of increasingly complex water transport networks in plants, the hierarchical 
organization of the vascular and lacunocanalicular network has become increasingly 
complex with increasing size and metabolic requirements of animal bone. This 
fundamental new insight into bone structure and physiology may provide a new basis of 
understanding for the clinician to preserve or restore optimal function through surgical 
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manipulation and/or for novel therapies or for a tissue engineer to build an adequate 
structure for tissue replacement based on biomimetic principles. 
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Tables 
 
 
Lamella HC 1 2 3 4 5 6 7 8 9 
Radius (μm) 10 41 73 105 137 169 201 233 265 297 
Circular area (μm2) 314 5278.34 16733.06 34618.5 58934.66 89681.54 126859.1 170467.5 220506.5 276976.3
Annular ring area (μm2)  4964.34 11454.72 17885.44 24316.16 30746.88 37177.6 43608.32 50039.04 56469.76
Canalicular density (#/μm2)  0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
Total canaliculi  248.22 572.74 894.27 1215.81 1537.34 1858.88 2180.42 2501.95 2823.49
Ci/Co  0.433 0.64 0.74 0.79 0.83 0.85 0.87 0.89 0.90 
 
Table 1. Dimensions, number of canaliculi and the calculated nondimensional canalicular ratio for each annular region of the osteon 
[osteon radius data adopted from Piekarski and Munro, 1977 and canalicular density from Marotti et al., 1995]. The nondimensional 
ratio (Ci/Co) represents the ratio of canalicular number at a given inner lamella to that of the adjacent outer lamella, i.e. C1/C2 , C2/C3 
…, an indication of the increased branching of the transport network to provide cells with, e.g. nutrients, with increasing distance from 
the  blood supply. 
 
Figure 1. A: Schematic drawing of an osteonal section (approximately 1/5 of the osteon) [after Piekarski & Munro, 1977 and Knothe  
Tate and Niederer, 1998]. B: The lamellar regions can be idealized as concentric circular areas A1, A2,…A5 which, for the purpose of this 
analysis, are further idealized as adjacent polygons, as shown in C.   
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Figure 2. Nondimensional canalicular number (Ci/Co) as a function of distance from 
blood supply (at origin). 
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Figure 3. Nondimensional canalicular number (Ci/Co) as a function of Haversian canal 
(HC) radius. 
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Figure 4. Nondimensional canalicular number (Ci/Co) as a function of canalicular 
length. 
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Figure 5. Schematic diagram showing the average number of canaliculi in different 
concentric lamellar regions of an osteon, assuming only four canaliculi join the Haversian 
canal (HC) to the first lamellar region.
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Figure 6. Schematic diagram showing alternate pathways provided by the canalicular network for fluid and solute transport between 
osteocytes. Osteocytes denoted by ‘AB’ may get nutrients from either A or B or both channels. There are a number of alternate 
pathways from the Haversian canal (HC) to each osteocytes and osteocytes further from the HC have more alternative pathways than 
osteocytes closer to the HC. For clarity, only a few canaliculi are shown to be originating from the HC. 
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Figure 7.  Other hypothetical hydraulic architectures in an osteon, including (A) direct transport and (B) serial transport routes. 
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Figure 8. Schematic diagram describing the proposed evolution  of transport networks in biology  
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Figure 9. Hypothesized evolution of transport networks in bones (not to scale) 
including (A) simple networks for small distance transport. (B) With little 
branching and parallel networks transportation is possible over a longer distance 
but the factor of safety of such network is low. (C) The same network as in (B) 
but with numerous parallel conduits exhibits a higher factor of safety, similar to 
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canalicular network found in amphibians. (D) In modern mammals such as 
homo sapiens, the demand for fluid and solute transport over much larger 
distances has resulted in branched vascular system i.e. Volkmann’s and 
Haversian canal. 
 
 
 
